The performance of Senna auriculata leaves (SCL) extract as a corrosion inhibitor for carbon steel in 1 N HCl was thoroughly investigated by chemical and electrochemical methods. The inhibition efficiency obtained by both these methods has good agreement with each other. The effects of temperature and immersion time on carbon steel in 1 N HCl were also studied. The maximum inhibition efficiency of 75.65% was obtained at the best concentration of 800 ppm of SCL extract. The polarization studies revealed that the inhibition action of SCL extract was under mixed control. The free energy of adsorption and the influence of temperature on the adsorption of SCL extract on carbon steel have also been reported. The adsorption of SCL extract on the surface of carbon steel was found to obey the Langmuir adsorption isotherm. The mechanism of inhibition was confirmed by kinetic and thermodynamic parameters obtained from 303 K to 363 K temperatures using weight loss method. The metallurgical microscope results established the formation of a protective layer on the carbon steel surface.
Introduction
Automobile and chemical industries, most widely use carbon steel as a constructional material due its excellent mechanical properties and low cost 1 . The main problem concerning carbon steel applications is its relatively low corrosion resistance in acidic solutions 2 . Since hydrochloric acid is mainly used for chemical cleaning, descaling, pickling and oil-well acidizing, it leads to corrosive attack [3] [4] . Corrosion causes awful damage to
Experimental
HCl (AR) and double distilled water were used throughout the studies for preparing the aggressive solutions (1 N HCl). The composition of the carbon steel sample used in this experiment was (wt%) is 0.18 C, 0.30 Mn, 0.15 Si, 0.02 S, 0.02 P and the balance being Fe. The rectangular shape carbon steel of dimension 4.5 × 2 × 0.2 cm containing a small hole of about 2 mm diameter near the upper edge was employed for weight loss and gasometric studies. The specimens used were polished mechanically followed by different grades of emery papers and then degreased with acetone. A cylindrical carbon steel specimens with an exposed area of 1 cm 2 (remaining area covered with Teflon holder) were used for electrochemical studies.
Preparation of senna auriculata leaves (SCL) extract
Senna auriculata is a legume tree in the subfamily of Caesalpinioideae. It is commonly known by its local names ranawara or avaram. It occurs in the dry regions of India and Sri Lanka. It is common along the sea coast and the dry zone in Sri Lanka [24] [25] [26] . Leaves of Senna auriculata (Aavaram) were cleaned and cut into small pieces. They were dried in an air oven at 70 °C for 2 h. The dried leaves were pulverized and make it well into powder. 10 g of the leaf powder was refluxed in 100 mL of distilled water for an hour. The refluxed solution was filtered through Whatmann No.1 filter paper and then the filtrates were heated on a water bath to evaporate the moisture content fully to get the dried compound 27 . Corrosion test solutions range from 200 ppm to 800 ppm were prepared by dissolving specified amount of dried SCL extract in 1 N HCl solution and used for corrosion study.
Weight loss studies
Previously polished and degreased specimens of size 4.5 x 2 x 0.2 were used for weight loss studies. Already weighed carbon steel specimens were separately immersed in 100 mL of 1 N HCl solutions containing 200, 400, 600 and 800 ppm of the SCL extract for 3 h. After the specified time, the carbon steel specimens were taken out from the acid solution and then washed immediately with double distilled water, dried and re-weighed. Duplicate tests were also conducted for each experiment. The same experiment was carried out at four different temperatures of 303, 323, 343 and 363 K. From the measured weight loss data, the corrosion rate (mmpy) and the inhibition efficiency (IE) were calculated using the equation:
Corrosion rate (mmpy) = kW/ATD Where k = 8.76104 (constant), W = weight loss in g, A= area in square cm, T= time in hours and D= density in g / cu.cm Inhibition Efficiency (%) = W B -W I / W B ×100 Where W B and W I are weight loss per unit time in the absence and presence of the extract in 1 N HCl solution.
Weight loss measurements were performed at a different immersion time from 3 hours to 24 hours at the best concentration of 800 ppm of SCL extract at 30 °C. From the initial and final weight of the specimen, the weight loss of the specimen was calculated and the inhibitor efficiency at different immersion time was also calculated.
The degree of surface coverage () was calculated from the weight loss measurement results using the following formula 
Gasometric studies
Comparing weight loss studies, the gasometric studies will give more accuracy result in which the SCL extract does not react with hydrogen gas as well as the hydrogen penetration into the metal is small compared to the total volume of hydrogen gas. The design of the studies is described elsewhere 29 . The carbon steel specimen was suspended from the hook of the glass stopper and was introduced into the sample cell containing 100 mL of 1 N HCl solution. At constant atmospheric pressure, 30 °C temperature was maintained constant throughout the experiment. The volume of hydrogen gas liberated will be measured for a period of three hours in all the cases. From the volume of hydrogen gas liberated, the inhibition efficiency was calculated using the formula:
Where V 0 is the volume of hydrogen evolved in the absence of SCL extract and V I is the volume of hydrogen evolved in the presence of SCL extract in 1 N HCl solution.
Electrochemical polarization studies
The electrochemical measurements were performed in a conventional three-electrode assembly containing a cylindrical carbon steel specimen with an exposed area of 1 cm 2 as working electrode (WE), a platinum foil of surface area 2 cm 2 as counter electrode and a saturated calomel electrode (SCE) provided with a Luggin capillary as a reference electrode. They were immersed in 1 N HCl solution until a steady-state open circuit potential (OCP) was obtained. The HCl solution was degassed with ultrapure nitrogen bubbling to avoid any reactions with dissolved oxygen. Tafel polarization measurements were made for a potential range of -200 mV to +200 mV with respect to OCP at a scan rate of 1 mV/s.
From the electrochemical studies, corrosion potential and corrosion current were calculated. The inhibitor efficiency was calculated using the formula 30 :
X 100 I corr Where I corr and I* corr are corrosion current in the absence and presence of the SCL extract in 1 N HCl solution.
Electrochemical impedance studies
Electrochemical impedance studies (EIS) has been widely used in investigating the corrosion inhibition process. Since, it provides more information on both the resistive and capacitive behaviors at the metal/solution interface. The corrosion behavior of carbon steel in 1 N HCl solution in the absence and presence of the extract was investigated by using an electrochemical analyzer (BioLogic-VSP, France). The impedance measurements were carried at the open circuit potential in the frequency range of 100 kHz to 1 mHz. A plot of Z' vs. Z" were made. From the Nyquist plot, the charge transfer resistance (R t ) was calculated. The double layer capacitance (C dl ) was calculated using the following equation 31 :
is charge transfer resistance and C dl is the double layer capacitance. The experiments were carried out in the absence and presence of the best concentrations of SCL extract in 1 N HCl solution. The percentage of inhibition efficiency was calculated using the equation 32 :
Where R t * and R t are the charge transfer resistance in the presence and absence of SCL extract in 1 N HCl solution.
Surface morphological studies
The carbon steel specimens were immersed in 1 N HCl in the absence and presence of the best concentration of the SCL extract for 3 hours at 30 C. After 3 hours, the specimens were taken out, dried and kept in desiccators. The protective film formed on the surface of carbon steel was confirmed by metallurgical microscope studies with the magnification of 1000x.
Results and Discussion

Weight loss studies
Weight loss of carbon steel in 1 N HCl was determined at 303 K in the absence and presence of SCL extract concentrations ranging from 200 to 800 ppm. The obtained corrosion parameters are depicted in Table 1 . It is cleared from the table that the percentage of inhibition efficiency increases with concentration of SCL extract. The decrease in corrosion rate with an increase in concentration of SCL is due to the fact that the surface coverage of metal increases by the adsorption of inhibitor molecules. A maximum inhibition efficiency of 76.1% is obtained at the concentration of 800 ppm of extract. The increase in corrosion rate with an increase in temperature is due to increase in the rate of desorption of SCL molecules from the carbon steel surface at higher temperature. 
Effect of immersion time
The effect of immersion time from 3 hours to 24 hours on inhibition efficiency was studied and depicted in Table 2 . The effect of immersion time on percentage inhibition efficiency of carbon steel in 1 N HCl at 30 °C in presence of the best concentration (800 ppm) of SCL extract is shown in Figure 2 . The inhibition efficiency was found to decrease from 76.1% to 73.5%, when immersion time was increased due to desorption of adsorbed SCL extract constituents. Hence, using weight loss method, the minimum inhibition efficiency of 73.5% was found at 30 °C for SCL extract which acted as a corrosion inhibitor at the best concentration of 800 ppm for a period of 24 hours. 
Gasometric studies
The volume of hydrogen gas evolved is decreased from 7.4 to 1.7 mL with an increase in the concentration of SCL extract from 200 to 800 ppm. The inhibition efficiency increased from 71.4 to 76.4% is shown in Table 3 . Hence, the best concentration of SCL extract was found to be 800 ppm. It revealed that SCL extract had the tendency to inhibit carbon steel corrosion in acid medium. 
Electrochemical polarization studies
The calculated electrochemical polarization parameters such as corrosion potential (E corr ), corrosion current (I corr ), anodic and cathodic Tafel slope (b a and b c ) values and IE are given in Table 4 . It was obvious from Figure 3 that Tafel curves are not shifted markedly to the corrosion potential for the optimum concentration (800 ppm) of SCL extract. It indicates that the SCL extract works through mixed mode of inhibition. The I corr value for the best concentration of SCL extract was decreased when compared to blank solution. This decrease in I corr is an indication of a decrease in corrosion reaction, since corrosion current is proportional to the magnitude of corrosion reaction. The I corr , b a and b c values were changed upon the addition of SCL extract, which means the extract molecules are adsorbed both on the anodic and cathodic sites. This results in the inhibition of both anodic metal dissolution and cathodic hydrogen evolution reactions. 
AC-impedance studies
The calculated impedance parameters such as double layer capacitance (C dl ), charge transfer resistance (R t ) and IE are listed in Table 5 . It can be observed from the Nyquist plot ( Figure 4 ) that a single semicircle has been observed is attributed to charge transfer takes place at an electrode/solution interface. It was apparent from the Table 5 that the presence of SCL extract in acid medium leads to decrease in C dl . The decrease in C dl values can be attributed to the decrease in local dielectric constant and/or an increase in the thickness of electrical double layer. Meanwhile, the increase in R t value indicates that the extent of adsorption increases in presence of the best concentration (800 ppm) of SCL extract and also the adsorbed extract form a protective film on the carbon steel surface which becomes a barrier to hinder the mass and charge transfer processes. These results are an increase in the inhibition efficiency 33 . The maximum R t value of 83.58 Ω cm 2 and the minimum C dl value of 28.49 µF/cm 2 was obtained at the best concentration of 800 ppm of the SCL extract, which gave the maximum inhibition efficiency of 75.35 %. This result has good concurrence with the results obtained from non-electrochemical methods. 
Effect of temperatures
The influence of temperature on the corrosion behaviour of carbon steel in acidic medium was studied in the absence and presence of the SCL extract between 30 C to 90 C using weight loss measurements ( Table 6 ). The corrosion rate of carbon steel increased with temperature both in the absence and presence of the SCL extract at the best concentration of 800 ppm. The presence of inhibitor leads to a decrease in the corrosion rate. The increase in corrosion rate was more pronounced with the rise of temperature. The inhibition efficiency was found to slightly decrease from 76.1% to 70.2% ( Figure 5 ), when the temperature increased from 30 C to 90 C. The reason for the decline in efficiency was due to the physical adsorption process occurred between the metal and the SCL extract. Table 6 . Corrosion of carbon steel in the absence and presence of the best concentration of SCL extract in 1 N HCl at different temperatures obtained by weight loss method
Mechanism of corrosion inhibition
To elucidate the mechanism of inhibition, the Arrhenius plot employed in the absence and presence of the best concentration (800 ppm) of SCL extract in 1 N HCl medium is shown in Figure 7 . Arrhenius equation is as follows: Where r is the corrosion rate, A is the constant frequency factor, E a is the apparent activation energy and R is the gas constant. It showing a straight line according to the Arrhenius equation and revealing the effect of temperature. The calculated values of activation energy (E a ), enthalpy of adsorption (ΔH), free energy of adsorption (ΔG°) and entropy of adsorption (ΔS) for carbon steel in the absence and presence of the best concentration of SCL extract in 1N HCl solution are shown in Table 7 . The activation energy (E a ) was found to be 12.58 kJ mol -1 for blank and increased to 16.93 kJ mol -1 in presence of the SCL extract in 1N HCl suggesting that the adsorbed organic matter creates a physical barrier to charge and mass transfers, leading to reduction in corrosion rate. The higher value of Ea in presence of the SCL extract compared to that in the absence of the extract is due to physical adsorption 34 . The free energy of adsorption was calculated using the following equation: G 0 ads = -RT ln (K 55.5) where the value of 55.5 is the concentration of water in solution (mol L -1 ). K is the degree of surface coverage on the metal surface, R is the universal gas constant and T is the absolute temperature.
Adsorption process is caused by electrostatic attraction between charged metal surface and charged organic molecules.In this study, the ΔG° values are in the range of -9.34 kJ mol -1 at 363 K. As the values of free energy of adsorption are less than -20 kJ mol -1 , where the mode of inhibition is due to physisorption 35 . The negative sign of free energy of adsorption indicates that the adsorption of SCL extract on carbon steel surface is a spontaneous process. The major constituents present in SCL extract is alkaloids. These compounds adsorbed on the carbon steel surface made a barrier for charge and mass transfers leading to a decrease in the interaction of carbon steel with the corrosive environment. As a result, the corrosion rate of carbon steel decreased. The formation of film layer prevents the corrosion of carbon steel. The literature survey revealed that luteolin, quercetin and kaempferol are the principal alkaloids present in the leaves extract of Senna auriculata 36 . These alkaloids contain hydroxyl groups which show inhibition action of SCL extract ( Figure 6 ). The inhibitor SCL extract adsorb over the carbon steel surface and forms a compact protective thin layer. The positive values of ∆H both in the absence and presence of SCL extract reflect the endothermic nature of the carbon steel corrosion process. It is also obvious that the activation energy supporting the proposed inhibition mechanism. Low and positive values of ∆S entropies imply that the process was slow and the activated complex is the rate determining step represents an association rather than a dissociation step, meaning that a decrease in disordering takes place on going from reactants to the activated complex. Similar observation has been reported in the literature 37 . 
Adsorption isotherm
Adsorption isotherm provides information regarding the interaction between the SCL extract and the carbon steel surface. The value of surface coverage () has been obtained from weight loss measurements. The values of  were fitted to different isotherms and Langmuir isotherm was found to be the best description behavior of adsorption for SCL extract. A plot of C/θ versus C gives a straight line with a unit slope suggesting that the adsorption of SCL extract on the surface of carbon steel in 1 N HCl solution follows Langmuir adsorption isotherm ( Figure 8 ). 
Surface morphological studies
The surface morphology of the samples was studied by metallurgical microscope with the magnification of 1000x. The micrographs obtained for carbon steel immersed in 1 N HCl solution without and with 800 ppm of SCL extract are shown in Figure 9 (a & b) . The results showed that the dissolution of carbon steel without inhibitor (Figure 9a ) and the formation of smooth surface on carbon steel with SCL extract (Figure 9b ). 
Conclusion
The electrochemical polarization studies showed that the aqueous extract of SCL acts as a mixed inhibitor for carbon steel in 1 N HCl solution. The inhibition efficiency increases with increase in concentration of SCL extract and decreases with temperature. The adsorption of the extract follows Langmuir adsorption isotherm. The percentage inhibition efficiency obtained from weigh loss measurements is comparable with those obtained from electrochemical measurements. The obtained thermodynamic parameters indicate that the adsorption of the SCL extract on carbon steel may be due to physisorption process. Surface morphological studies showed that the carbon steel in 1 N HCl with the SCL extract was found smother than without the SCL extract.
